Microwave heating is used to initiate exfoliation of silicon layers in conjunction with the ion-cut process for transfer of silicon layers onto insulator or heterogeneous layered substrates. Samples were processed inside a 2.45 GHz, 1300 W cavity applicator microwave system for time durations as low as 12 s. This is a significant decrease in exfoliation incubation times. Sample temperatures measured by pyrometry were within previous published ranges. Rutherford backscattering spectrometry and cross-sectional transmission electron microscopy were used to determine layer thickness and crystallinity. Surface quality was measured by using atomic force microscopy. Hall measurements were used to characterize electrical properties as a function of postcut anneal time and temperature. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2135395͔ Ion-cut processes are becoming ever more mature and robust. At the same time, new and innovative ideas are being pursued for the use of ion-cut silicon-on-insulator ͑SOI͒ and heterostructures, with amazing success achieved in engineering solutions to fundamental problems in device architecture.
Ion-cut processes are becoming ever more mature and robust. At the same time, new and innovative ideas are being pursued for the use of ion-cut silicon-on-insulator ͑SOI͒ and heterostructures, with amazing success achieved in engineering solutions to fundamental problems in device architecture. 1, 2 In this work, the authors demonstrate a new innovation to the ion-cut process, namely the use of "microwave cutting". The process involves inducing silicon exfoliation and layer transfer using microwave heating as a part of the ion-cut process. Microwaves have been paid a lot of recent attention for thermal synthesis, sintering, and joining of ceramic materials. [3] [4] [5] Microwaves have even been used to initiate solid-state reactions in silicon. 6 In the present work, microwaves are used as a means of reducing incubation time and heating power requirements, while attaining the temperatures needed for initiation of silicon exfoliation for the ion-cut process. Upon successful processing, samples are then characterized to explore damage, microroughness, crystallinity, and electrical behavior.
To fabricate the samples used in the ion-cut process Czochralski-grown P-type boron-doped 1 -13 ⍀ cm ͑100͒ oriented silicon pieces were Radio Corporation of America RCA cleaned and placed in an Varion/Extrion Division 200-DF4 ion implanter where they were implanted with 0-3ϫ 10 15 /cm 2 , 175 keV B + ions, and 9 ϫ 10 16 /cm 2 -1 ϫ 10 17 /cm 2 , 50 keV H + , ions at room temperature. The implanted samples and nonimplanted silicon, coated with a chemically grown oxide, were then RCA cleaned and placed in a Tegal asher at 100°C for plasma surface activation usinga 300 W, 13.56 MHz, 0.3 SCFH oxygen rf plasma. After plasma activation, rinsing, and spin drying, the wafers were placed in surface-to-surface contact at room temperature. The bonded pairs were subsequently annealed in a mechanical furnace at 100°C for 2 h to drive out any residual water at the bond interface.
After the furnace anneal, the bonded samples were placed in a 2.45 GHz 1300 W cavity applicator microwave system where they were processed for time durations ranging from 12 s to 1.5 min before layer transfer was visually observed. Temperature profiles were monitored using a Raytek Compact MID series pyrometer. The resulting SOI surface quality was characterized using a Nanoscope IIIE atomic force microscope ͑AFM͒ in tapping mode in order to determine the root-mean-square ͑rms͒ roughness of the transferred layer. Rutherford backscattering ͑RBS͒ in both random and channeled orientations was performed using a 1.7 MV tandem accelerator. RUMP ͑Ref. 7͒ software was then used to simulate layer thicknesses and to evaluate the crystallinity of the transferred layer. Hall effect measurements were obtained to examine the electrical characteristics of the "as-exfoliated" samples. Cross-section transmission electron microscopy ͑TEM͒ was performed to examine microstruc-ture and defect behavior in the transferred layers. After initial characterization, the samples were annealed in a vacuum carousel furnace with temperatures ranging from 600°C to 800°C, for time durations between 2 and 4 h at a pressure of 10 −7 Torr. This was followed by electrical measurements, TEM, and RBS in order to characterize the repair of any radiation damage that may have been created in the ion-cut process. Figure 1 presents RBS spectra obtained from random and channeled orientations of a typical transferred layer. Spectra from the transferred layer in both random and channeled orientations demonstrate that the ion-cut process was successful in using microwaves to initiate the exfoliation of single-crystal silicon. 8, 9 RUMP simulation of the RBS spectra ͑c͒ determined the thickness of the transferred layer to be 470 nm, and that of the oxide layer 725 nm. TRIM ͑Ref. 10͒ calculations demonstrated that the thickness of the exfoliated layer correlated well with the peak in the radiation damage caused by implantation, and not the projected ranges of the implant species. Projected ranges for the boron and hydrogen implants used in Fig. 1 , determined using TRIM calculations, were approximately 512 nm and 452 nm, respectively. Spectrum ͑c͒, obtained from an "as-cut" sample in random orientation, indicates the presence of a continuous layer of silicon on top of the insulator; while also hinting at a mild surface microroughness as is evident from the width of the lowenergy edge at channels 150-160. 9 Spectrum ͑b͒, obtained from an ͑100͒ aligned sample of as-cut SOI, shows a dramatic decrease in yield, indicating that the transferred layers have kept their crystallinity. The width of the surface peak in the as-cut channeled spectrum ͑b͒ indicates that the majority of the radiation damage was concentrated at the top of the transferred layer. As can be seen when comparing channeled spectrum ͑a͒, obtained from an annealed transferred layer, and channeled spectrum ͑b͒, obtained from the as-cut transferred layer, most of the radiation damage was repaired upon further annealing of the microwave-initiated ion-cut samples.
This finding compares well with previous ion-cut techniques. 11, 12 AFM microroughness measurements taken across a one m 2 sampling area demonstrated little variability in the rms roughness of the sample. Because the AFM measurements were obtained in tapping mode, they could be repeated, and averages used. The rms roughness of the sample averaged 5.3 nm. Depending on implantation parameters, incubation times, and anneal temperatures, previously documented microroughnesses vary between 3.4 nm and 10 nm over one micron sampling distances. 2, 9, 11 Table I displays changes in resistivity, dominant carrier species, carrier concentration, and electronic mobility as a function of anneal temperature and time for successive hightemperature anneals of a microwave-initiated exfoliated layer. The anneals were performed in order to repair radiation damage in the transferred layer. The high-temperature anneals were performed in a vacuum furnace instead of a microwave oven in order to have a common reference point for comparison with previous work. 2, 9, 13 When viewing the data in Table I , most noteworthy is the change in conductivity type, and the temperature of the anneals where this change takes place. The observed trend compares well with previous work, 2, 9, 13 in which the surface of uncut samples were p type, cut sample surfaces were n type, and upon successive anneals the cut sample surfaces returned to p type. The change in conductivity type upon exfoliation has been proposed as being due to hydrogen-related shallow donors and ion-enhanced diffusion of interstitial oxygen giving rise to thermal donors. 12 Published values of p-type mobility in unetched samples range from 9 -121 cm 2 /V s. 2, 12, 13 In previous papers, the carrier concentrations of samples measured after anneals above 650°C were significantly lower ͑ϳ10 16 /cm 3 -10 17 /cm 3 ͒ than the results attained here; unfortunately, these papers did not have boron co-implants. 2, 9, 13 The authors believe that the change in hole carrier concentration is explained by electrical activation of some of the co-implanted boron. The hole mobilities attained in this work compare well with mobilities attained in single-crystal silicon with the same carrier concentrations. Table I are shown. In Fig. 2͑a͒, a damage-containing region   FIG. 1 . RBS spectra obtained from a 470 nm thick silicon layer transferred using a microwave-initiated ion-cut process. ͑a͒ ͗100͘ aligned scattering from the transferred layer after damage repair by vacuum furnace annealing, ͑b͒ ͗100͘ aligned scattering from the transferred layer as cut, with no additional annealing, and ͑c͒ random nonaligned scattering from the as-cut layer. is visible near the surface of the transferred layer. This damage is consistent with radiation damage from hydrogen and boron ions in the as-cut sample. Prior to any anneals, the majority of the radiation damage is present at the surface of the transferred layer, and the damage region encompasses approximately 25%, or 120 nm, of the total layer thickness. TRIM calculations for the boron implants of the sample in Fig. 2 yield a ⌬R p value of approximately 100 nm. For the given concentrations and energies of hydrogen and boron ions irradiating the sample, these results are consistent with previous papers. 9, 12, 13, 15 As can be seen in Fig. 2͑b͒ , after sequential anneals to repair radiation damage, there is little to no visible damage near the surface of the transferred layer. The only visible damage appears near the bottom of the transferred layer. This damage can be accounted for as dislocation loops created during the sequential high-temperature anneals of the sample. Intrinsic dislocation loops are created during postimplantation annealing, when shallow level vacancies, which accompany deep-level interstitials, coagulate.
Unlike traditional heating, the implanted species ͑H + and B + ͒ involved in ion cutting serve to increase the rapid heating of silicon by microwaves because implanted boron and hydrogen create complex dipoles and charge states which contribute to the samples effective dielectric loss and ionic conduction. 16, 17 Power absorption in microwave heating is volumetric and is directly proportional to the samples' dielectric loss and ionic conduction. 18 The increased damage in the silicon, resulting from the ion implantation, serves to increase power absorption during microwave heating. This is a significant and beneficial side effect of creating radiation damage in ion-cut samples. Furthermore, the silicon itself absorbs microwave power volumetrically, increasing damage and platelet size in the ion-cut region from within the bonded layer instead of through convection or conduction used in normal heating processes. The authors suspect that this increased local power absorption, combined with volumetric heating, is what shortens the incubation time in the case of microwave heating, as compared with traditional ion-cut heating processes.
Although the microwave initiation of ion cutting took place in as little as 12 s, the temperatures of the samples at the time of the exfoliation were between 300°C-425°C depending on process time, similar to other ion-cut processes. 9, 13, 15 Aside from the increased speed in processing, the significant differences between "microwave cutting" and conventional heating are: The greater power efficiency of microwave magnetron generators in comparison to resistance heating in furnaces, the volumetric heating associated with microwave heating, and the possibility of tailoring the sample temperature based on the resistivity of the transferred silicon and silicon substrate material. The ability to tailor sample temperatures based on material properties opens new possibilities for the creation of heterogeneous structures using the ion-cut process. 
